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Abstract—This paper presents the analysis and the 
experimental validation of an off-board three-port integrated 
topology (TPIT) used to interface electric vehicles (EVs) and 
renewables from solar photovoltaic (PV) panels with the 
electrical power grid. The TPIT is composed by three power 
converters sharing a single common dc-link, and it can operate in 
four different modes towards the future smart grids: (1) The EV 
batteries are charged with energy from the electrical power grid 
through the grid-to-vehicle (G2V) operation mode; (2) The EV 
batteries deliver part of the stored energy back to the power grid 
through the vehicle-to-grid (V2G) operation mode; (3) The 
energy produced by the PV panels is delivered to the electrical 
grid through the renewable-to-grid (R2G) operation mode; (4) 
The energy produced by the PV panels is used to charge the EV 
batteries through the renewable-to-vehicle (R2V) operation 
mode. In addition to individual action, the reorganization of these 
modes results in new combined operation modes. The paper 
presents the proposed power theory to control the TPIT, the 
current control strategies to manage the currents in ac and dc 
sides of the TPIT, and the details of the developed TPIT 
prototype, including the hardware and the digital control system. 
Experimental results that validate the TPIT operation modes are 
also presented. 
 
Index Terms—Electric Vehicle, Integrated Topology, Power 
Converters, Renewables, Smart Grid. 
 INTRODUCTION 
LECTRIC mobility represents a significant contribution to 
increase the sustainability and efficiency in the transport 
sector [1][2], including the use of electric vehicles (EVs), 
hybrid EVs, fuel cell vehicles [3], and electric bicycles [4]. 
Nevertheless, the massive introduction of EVs into the 
electrical grid should be controlled in order to prevent power 
quality problems [5][6], to optimize its interaction with other 
electrical appliances [7], as well as to take advantages of their 
use in the new paradigms of microgrids [8], smart grids and 
smart homes [9]. In this context, the optimized EV charging 
process considering the customer perspective, the power 
demand, and the revenue of the aggregator is presented in 
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[10]. 
Besides the controlled charging process, the introduction of 
EVs into the electrical power grid to exchange energy in 
bidirectional mode through the grid-to-vehicle (G2V) and 
vehicle-to-grid (V2G) operation modes is presented in [11]. In 
this context, a single-phase on-board bidirectional charger 
with capability to operate in G2V and V2G modes is proposed 
in [12]. A balancing power demand using the EV in V2G 
operation for demand response management in smart grids is 
proposed in [13], a hierarchical energy management strategy 
to introduce EVs in smart grids is analyzed in [14], the 
benefits of the V2G operation mode for balancing power 
demand in smart grid context is analyzed in [15], and the 
impact and challenges of V2G on the electrical grid is 
presented in [16]. Besides the G2V and V2G operation modes, 
with the EV introduction into the electrical grid, new 
opportunities and challenges emerge for future smart grids in 
terms of new operation modes [17][18]. In addition, with the 
progresses in microgeneration, new opportunities also emerge 
for the integration of EVs with renewables considering 
different electrical grid constraints [19]. In this context, the 
contribution of EVs to stabilize the electrical grid voltage 
considering the introduction of renewables is presented in 
[20], an energy management strategy considering the EVs 
operation and the energy production from renewables is 
presented in [21], an economic dispatch model of EVs with 
renewables is presented in [22], smart charging strategies for 
the EV maximizing the use of energy from variable renewable 
resources are proposed in [23], the impact of EVs and 
photovoltaic (PV) on future generation in terms of investment 
is presented in [24], and a cost minimization of charging 
stations with EVs and PVs is presented in [25]. Besides the 
EV operation considering renewable energy sources, the 
incorporation of energy storage systems is also relevant for the 
energy management in smart grids. A demand-side 
management controlling EVs (operating as G2V or as V2G), 
renewable energy sources and energy storage systems is 
proposed in [26], and a hybrid optimization strategy for 
economic deployment considering EV charging stations with 
PVs and energy storage systems is proposed in [27]. These 
strategies are based on control algorithms to integrate EVs and 
renewables in electrical grids, e.g., maximizing the energy 
provided by the PVs, maximizing the cost benefits to the 
energy dealership, energy balance strategies, the EV charging 
time and state-of-charge, or the schedule to start and stop the 
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EV battery charging process according to the energy provided 
by renewables. In addition, these strategies focus on the 
large-scale utilization, with several EVs and renewables 
distributed in the electrical power grid. Typically, the 
integration of EVs and renewables with the electrical grid is 
performed considering different equipment, i.e., two power 
converters to interface an EV with the electrical grid (an ac-dc 
and a dc-dc converter) and also two power converters to 
interface a renewable source with the electrical grid (an ac-dc 
and a dc-dc converter). The main disadvantage of such 
traditional topology is associated with the direct EV battery 
charging process from renewable sources, where it is 
necessary to use four converters and the electrical grid as 
intermediary (dc to ac stage followed by an ac to dc stage). In 
order to sidestep this drawback, this paper presents the 
experimental validation of a single-phase off-board three-port 
integrated topology (TPIT) for residential purpose, aiming to 
interface EVs and renewables with the electrical grid through 
an ac-dc converter and two dc-dc converters. Fig. 1 presents 
the interface between an EV and PV panels with the electrical 
grid using the classical topology (cf. Fig. 1(a)) and the 
proposed topology (cf. Fig. 1(b)). 
A multi-objective optimal scheduling for the introduction of 
EVs charging stations, PV panels and storage batteries in a dc 
micro-grid scenario connected to a three-phase power grid is 
presented in [28]. A system to interface EVs (using an external 
dc-dc charger) and PV panels (using a traditional inverter) 
with the electrical power grid is presented in [29], however, 
the hardware topology is not discussed neither the control 
algorithm and the power quality issues. A novel system based 
on a multimode single-leg power converter is proposed in [30] 
to control the power flow between dc systems, including 
renewables and an energy storage system, but without the 
power grid interface. A multi-port topology to deal with an 
EV, PV panels and the power grid is presented in [31], 
however, such topology requires the use of two power 
converters to make the interface with the power grid, one 
operating as an active rectifier and the other as a grid-tie 
inverter, representing a great disadvantage in comparison with 
the topology presented in this paper (which requires a single 
converter to make the interface with the electrical grid). 
Topologies that are similar to the one proposed in this paper, 
also using three power converters, are presented in [32] and 
[33], however, the main advantage of the proposed topology in 
contrast with such references, is the possibility of having the 
EV operating in bidirectional mode, i.e., charging the batteries 
from the electrical grid or from the PV panels, or delivering 
energy to the electrical grid. Moreover, the power quality 
issues (total harmonic distortion of the grid current and power 
factor) in the electrical grid side are not considered in any of 
these works, representing a disadvantage, but highlights the 
relevance of the experimental study proposed in this paper. A 
comparative analysis between the classical and the proposed 
topology in terms of estimated operation efficiency and cost of 
implementation is presented in [34]. The proposed topology 
presents a maximum estimated efficiency 8.8% higher, and a 
total cost 33.5% lower, comparing with the classical solution 
(cf. Fig. 1(a)). 
Fig. 2 shows the interconnection between the TPIT, the EV, 
the PV panels, and the electrical grid. This interconnection can 
be performed through four different modes towards the future 
smart grids: (1) Grid-to-vehicle (G2V) operation mode, where 
the EV batteries are charged from the electrical grid; (2) 
Vehicle-to-grid (V2G) operation mode, where part of the 
energy stored in the EV batteries is delivered back to the 
electrical grid; (3) Renewable-to-grid (R2G) operation mode, 
where the energy produced by the PV panels is delivered to 
the electrical grid and the EV is not in charging; (4) 
Renewable-to-vehicle (R2V) operation mode, where the 
energy produced by the PV panels is used to charge the EV 
batteries. Besides individual action, these modes can be 
reorganized for combined operation modes. The proposed 
TPIT is focused for residential level with a single EV and a set 
of PV panels aiming to reduce carbon footprint, improve the 
self-energy consumption and the energy efficiency. 
Comparing with the state-of-the-art topologies, the main 
contributions of the proposed topology are: Single ac-dc 
converter to interface an EV battery charger and renewables 
 
Fig. 1. Interface between an EV and PV panels with the electrical grid: 
(a) Classical topology; (b) Proposed topology. 
Fig. 2. Proposed three-port integrated topology (TPIT) used to interface 
electric vehicles (EVs) and renewables from photovoltaics (PV) with the 
electrical grid through the G2V, V2G, R2V and R2G operation modes. 
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with the electrical grid; Possibility to perform the EV battery 
charging process directly from the PV panels without the 
electrical grid as energy intermediary or during power outages 
of the power grid (direct dc to dc interface proposed as R2V 
operation mode); Single dc-link to interface the ac-dc 
converter and the two dc-dc converters; Sinusoidal grid 
current and unitary power factor in all operating modes to 
prevent power quality problems; Experimental validation at 
residential level with the TPIT operating during the G2V, 
V2G, R2G and R2V operation modes. In the scope of this 
paper only PVs were considered, since they are the more 
common renewable energy source used at residential level. 
However, other types of renewables could be applied, such as 
micro-wind energy, using other power converter and control 
algorithm. 
The rest of the paper is organized as follows: The digital 
control algorithm is presented in section II, while the principle 
of operation is presented in section III. The experimental 
validation in four distinct operation modes is presented in 
section IV and the main conclusions in section V.  
 THREE-PORT INTEGRATED TOPOLOGY: 
DIGITAL CONTROL ALGORITHM
The circuit schematic of the TPIT is presented Fig. 3, where 
is presented the ac-dc bidirectional full-bridge converter used 
to interface the power grid, the dc-dc bidirectional half-bridge 
converter used to interface the EV batteries, and the dc-dc 
unidirectional half-bridge converter used to interface the PV 
panels. In addition to the previously highlighted advantages 
(cf. section I), this topology was selected due to the possibility 
to integrate the three converters in a single dc-link, 
maintaining the characteristics of each converter. The EV is 
not galvanic isolated from the PV or from the power grid, 
since the galvanic isolation only must be guaranteed between 
the traction batteries and the vehicle chassis according to the 
IEC 61851-1 standard. The operation of the TPIT is defined 
according to the EV operation mode (G2V or V2G) and the 
available energy from the PV panels (R2G or R2V). 
Therefore, a power theory should be defined in order to 
establish the current references for the TPIT operation 
according to the different operation modes. Thus, the grid 
power (pg) is defined according to: 
?? ? ??? ? ??? ? ????? (1) 
where, ppv denotes the PV panels power, pev means the EV 
power (which is positive during the G2V mode and negative 
during the V2G mode), and pdc represents the power necessary 
to regulate the dc-link voltage through a proportional-integral 
controller according to: 
??? ? ??????? ? ???? ? ?? ?????? ? ?????? (2) 
where, vdc* denotes the dc-link voltage reference and vdc the 
measured dc-link voltage shared by all the converters. From 
equation (1), the rms value of the grid current can be defined 
by: 
?? ?
??? ? ??????? ? ???????
??
(3) 
where, vpv and ipv are the voltage and the current in the PV 
panels, and vev and iev are the voltage and the current in the EV 
batteries. Taking into account that the TPIT operates with 
sinusoidal grid current, the grid current reference (ig*) is 
determined using a power theory, i.e., it is obtained a signal 
directly proportional to the electrical grid voltage (vg) [35]. In 
the scope of this paper, the power theory is based on the 
Fryze-Buchholz-Depenbrock (FBD) method [36], where a 
converter can be seen as a conductance (GG). From the 
electrical grid point of view, the TPIT can operate as a linear 
load (consuming sinusoidal current in phase with the voltage, 
i.e., as an active rectifier) or as a current source (injecting 
sinusoidal current into the electrical grid in phase opposition 
with the voltage, i.e., as a grid-tie inverter). Therefore, the rms 
value of the current in the electrical grid side can be 
established by: 
?? ? ??????? (4) 
and its instantaneous value by:
?? ? ??????? (5) 
Substituting the equation (4) in the equation (5), the 
instantaneous grid current is established by: 
 
Fig. 3. Circuit of the proposed three-port integrated topology (TPIT) used to interface EVs and renewables with the electrical grid.
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?? ?
??
??
????? (6) 
Substituting the equation (3) in the equation (6), the final 
equation that defines the instantaneous grid current (ig) in 
function of the EV and PV operation is defined by: 
?? ?
??? ? ??????? ? ???????
???
???? (7) 
According to equations (7) and (1), it is possible to verify 
the contribution of the EV operating power (pev - positive 
during the G2V mode and negative during the V2G mode) and 
the PV operating power (ppv) to define the instantaneous value 
of the grid current (ig). The value of pdc is always positive and 
the values assumed by vpvipv and veviev define if the grid current 
is in phase or phase opposition with the electrical grid voltage. 
It is important to note that the PV current (ipv) is controlled 
accordingly to its reference established by a specific algorithm 
(cf. section II.C), and the EV current (iev) is controlled 
accordingly to its reference established by the battery 
management system (BMS) (cf. section II.B). Since the 
instantaneous values of all the ac and dc variables are acquired 
by the digital control system (with a sampling frequency of 
40 kHz), the operating power in each port is automatically 
calculated by the control system with the same sampling rate. 
Analyzing equation (7), it is possible to verify that the grid 
current (ig) is also directly influenced by the grid voltage (vg), 
meaning that the harmonic distortion presented in the grid 
voltage will be reflected in the grid current. Directly using the 
measured grid voltage represents a disadvantage, since the 
TPIT would contribute to aggravate the problem of harmonic 
currents in the electrical grid. To avoid this drawback, instead 
of using the measured voltage it is used a signal proportional 
to its fundamental component, i.e., a sinewave signal with the 
fundamental frequency of the electrical grid (50 Hz – in 
Europe). This signal is obtained from a phase-locked loop 
(PLL) algorithm [37].  
For the ac-dc converter, analyzing the voltages between 
the electrical grid and the TPIT, it can be established: 
???? ? ?? ? ???
???
??
?? (8) 
where, the instantaneous value of the voltage established by 
the TPIT in the ac side (vcac) is defined in accordance with the 
electrical grid voltage and the voltage across L1. Applying the 
forward Euler method, the digital implementation results in: 
??????? ? ????? ?
??
?
??????? ? ???????? (9) 
where, ig* means the grid current reference and k the actual 
sample (determined by the timer interruption) in the digital 
control system. The gate pulse patterns for the ac-dc converter 
are obtained comparing the voltage reference (vcac) with a 
20 kHz triangular carrier using a unipolar PWM strategy in 
order to obtain a current ripple with lower amplitude and with 
the double of the switching frequency (40 kHz). For the dc-dc 
converter used to interface the PV panels, analyzing the 
voltages it can be established: 
????? ? ??? ? ??
????
??
?? (10) 
where, applying the forward Euler method, the digital 
implementation results in: 
???????? ? ?????? ?
??
?
???????? ? ????????? (11) 
where, ipv* denotes the current reference and is established by 
the maximum power point tracking (MPPT) algorithm (cf. 
section IV). For the dc-dc converter used to interface the EV 
batteries, analyzing the voltages it can be established: 
????? ? ??? ? ??
????
??
?? (12) 
where, applying the forward Euler method, the digital 
implementation results in: 
???????? ? ?????? ?
??
?
???????? ? ????????? (13) 
where, iev* denotes the current reference for charging the 
batteries and is established by the BMS. The gate pulse 
patterns for the dc-dc converters are obtained comparing the 
voltages references (vcdc1 and vcdc2) with two 20 kHz triangular 
carriers. When the EV batteries are charged only from the PV 
panels, the current reference iev* is determined in function of 
the EV batteries voltage and the power in the PV panels.  
A. Ac-Dc Bidirectional Converter 
The ac-dc bidirectional converter is used as interface 
between the electrical grid and the dc-link, and it is controlled 
in order to obtain a sinusoidal grid current (in phase or phase 
opposition with the electrical grid voltage, according to the 
operation mode) and to maintain the dc-link voltage 
controlled. The voltage produced by this converter (cf. vcac) 
can assume three distinct values according to the state of the 
IGBTs. The voltage vcac is 0 when the IGBTs S2 and S4 are on 
(or when S1 and S3 are on), and the IGBTs S1 and S3 are off (or 
when S2 and S4 are off). The voltage vcac is +vdc when the 
IGBTs S1 and S4 are on, and the IGBTs S2 and S3 are off. The 
voltage vcac is -vdc when the IGBTs S1 and S4 are off, and the 
IGBTs S2 and S3 are on. 
B. Dc-Dc Bidirectional Converter 
The dc-dc bidirectional converter is used as interface 
between the dc-link and the EV batteries and is controlled to 
charge the batteries with constant current or to discharge the 
batteries with controlled current according to the requirements 
of the electrical grid, during the V2G operation mode. This 
converter operates in the continuous mode, and the voltage 
produced (cf. vcdc1) can assume two distinct values according 
to the state of the IGBTs. During the EV battery charging 
process (G2V operation mode): When the IGBT S5 and the 
IGBT S6 are off the voltage vcdc1 is 0; When the IGBT S5 is on 
and the IGBT S6 is off the voltage vcac1 is +vdc. On the other 
hand, during the EV battery discharging process (V2G 
operation mode): When the IGBT S5 and the IGBT S6 are off 
the voltage vcdc1 is +vdc; When the IGBT S5 is off and the 
IGBT S6 is on the voltage vcdc1 is 0.  
C. Dc-Dc Unidirectional Converter 
The dc-dc unidirectional converter is used as interface 
between the dc-link and the PV panels and is controlled in 
order to extract the maximum power from the PV panels 
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through a MPPT algorithm. This converter operates in the 
continuous mode and the voltage produced (cf. vcdc2) can 
assume two distinct values according to the state of the IGBT. 
When the IGBT S7 is off the voltage vcdc2 is +vdc. When the 
IGBT S7 is on the voltage vcdc2 is 0.  
 THREE-PORT INTEGRATED TOPOLOGY: 
PRINCIPLE OF OPERATION 
Fig. 4 shows a typical operation of the TPIT considering the 
G2V, V2G, R2V and R2G modes, where, vg denotes the 
electrical grid voltage, ig means the current in the electrical 
grid, and pg, pev, ppv are, respectively, the grid power, the EV 
power and the PV power. These results were obtained with 
computer simulations using the software PSIM v9.0. During 
the first time interval (from 0.1 s to 0.18 s) the TPIT is 
controlled to operate in G2V operation mode, i.e., the EV 
batteries are charged with energy provided only by the 
electrical grid. Therefore, the value of the grid power (pg) is 
equal to the value of the EV power (pev). During the second 
time interval (from 0.18 s to 0.26 s), the TPIT is controlled to 
charge the EV batteries (G2V operation mode) and to extract 
the maximum power from the PV panels (R2V operation 
mode), i.e., the EV batteries are charged with energy provided 
by the electrical grid and by the PV panels. Therefore, the 
value of the grid power (pg) is the difference between the EV 
power (pev) and the PV power (ppv). During the third time 
interval (from 0.26 s to 0.34 s), the TPIT is controlled to 
charge the EV batteries (G2V operation mode) and to extract 
the maximum power from the PV panels (R2V operation 
mode), where, the EV batteries are charged with energy 
provided only by the PV panels. Therefore, the value of the 
PV power (ppv) is equal to the EV power (pev). During the 
fourth time interval (from 0.34 s to 0.42 s), the TPIT is 
controlled to extract the maximum power from the PV panels 
(R2G operation mode) and to inject it into the electrical grid. 
Therefore, the value of the PV power (ppv) is equal to the grid 
power (pg). The negative value of pg means that the electrical 
grid receives energy. It is important to note that the R2V and 
R2G operation modes can occur simultaneously, i.e., the 
power from the PV panels is used to charge the EV (R2V 
operation mode) and the surplus is injected into the electrical 
grid (R2G operation mode). This case is not shown in the 
figure due to space restrictions. During the fifth time interval 
(from 0.42 s to 0.5 s), the TPIT is controlled to extract the 
maximum power from the PV panels (R2G operation mode) 
and to deliver back to the electrical grid part of the energy 
stored in the EV batteries (V2G operation mode). Therefore, 
the value of the grid power (pg) is the sum of the EV power 
(pev) and the PV power (ppv). 
 EXPERIMENTAL VALIDATION 
Fig. 5 shows the flowchart of the control algorithm. When a 
timer interrupt occurs (at each 25 µs) the first task is to acquire 
the voltages and currents through an external ADC. After that, 
it is defined the operation mode according to the energy 
produced from the PV and the EV operation. The control 
algorithm used to extract the maximum power from the PV 
panels is based on the MPPT perturb and observe algorithm 
[38]. In the scope of this paper, a set of lead-acid batteries 
with nominal voltage of 288 V were used (which constitute 
the battery pack of an EV [39]), as well as a circuit composed 
by an adjustable dc source with a series resistor to emulate the 
PV panels. 
The PV current reference (ipv*) for the instant k is 
established from the power available in the PV panels (ppv) 
also in the instant k. On the other hand, the EV operation in 
G2V or V2G modes is defined by the EV user according to 
their benefits and the status of the battery state-of-charge 
estimated by the BMS. According to the power available in 
PV panels (current reference obtained from the MPPT 
algorithm) and the EV operation mode (current reference to 
charge or discharge the batteries obtained from the BMS) is 
Fig. 4. Principle of operation of the proposed three-port integrated topology (TPIT) used to interface EVs and renewables with the electrical grid: Grid 
voltage (vg); Grid Current (ig); Grid power (pg); EV power (pev); PV power (ppv). 
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calculated the grid current reference (ig*) and are applied 
predictive current control strategies for the ac-dc converter 
and for both dc-dc converters. As aforementioned, it is 
important to note that the grid current reference (ig*) is 
calculated using the output signal of a PLL algorithm in order 
to be sinusoidal. When a PWM interrupt occurs, the PWM 
comparison registers are updated in order to control the 
respective currents. 
Fig. 6 shows the developed prototype of the TPIT that was 
specifically developed in order to validate the hardware 
topology, the control algorithms and to obtain the 
experimental results. As shown, the TIPT was assembled in an 
electrical switchboard to be used in an off-board application. 
This prototype is divided in two main parts: the power 
converters and the digital control system. The TPIT is 
composed by four IGBTs modules SKM50GB12V from 
Semikron (two for the ac-dc converter and two for the dc-dc 
converters) mounted in the same heatsink, and by the passive 
filters (dc-link capacitors, and inductances for the ac and dc 
sides). The digital control system is composed by the digital 
signal processor (DSP) TMS320F28335 from Texas 
Instruments, by the signal conditioning circuit used to adapt 
the measured signals from the voltage and current sensors to 
the input of the ADC MAX1320 from Maxim, by the 
command circuit used to interface the DSP and the IGBTs 
drivers, and by the IGBTs drivers SKHI 22A R from 
Semikron. The specifications and the key components of the 
TPIT are presented in Table I. The values of the key 
components were dimensioned according to the detailed 
explanation presented in [40]. Considering that the focus of 
this paper is in the integrated topology, a passive L filter was 
used to interface the power grid once it is the simplest filter 
and the easier to control when is required to control the grid 
current during the operation as active rectifier or grid-tie 
inverter [41]. 
The experimental results were obtained with a Yokogawa 
DL708E digital oscilloscope in four specific operation modes: 
(1) The EV operating through the G2V and then through the 
V2G mode; (2) The electrical grid receiving energy from the 
PV panels through the R2G mode; (3) The EV receiving 
energy from the PV panels through the R2V mode; (4) The 
EV receiving energy from the electrical grid and from the PV 
panels, the electrical grid receiving energy from the PV 
panels, and the electrical grid receiving energy from the EV 
and from the PV panels. 
A. G2V and V2G Operation Modes 
Fig. 7 shows the electrical grid voltage (vg) and the grid 
current (ig) during the G2V operation mode for an operating 
power of 3 kW. Due to the proposed control algorithm 
(cf. section II), during this operation mode the grid current (ig) 
is sinusoidal, even with a distorted electrical grid voltage (the 
Fig. 5. Flowchart of the proposed TPIT control algorithm. 
V2G+R2G V2GG2V+R2G G2V
Apply the power theory and
the current control
Update PWM
Begin
Acquire the variables
from the ADCs
no
yes
yes
no
yes
no
PWM interruption?
Timer Interruption?
pev==0?
pev>0?
R2G
ppv>0? ppv>0? ppv>0?
yes
no
pev>ppv? noyes
R2V
noyes noyes
noyes
 
Fig. 6. Developed prototype of the proposed TPIT. 
TABLE I 
SPECIFICATIONS AND KEY COMPONENTS 
Parameters Value Unit 
Nominal Grid Voltage 230 V 
Nominal Grid Current 16 A 
Nominal Power 3.5 kW 
Electrical Grid Frequency 50 Hz 
Sampling Frequency 40 kHz 
Switching Frequency 20 kHz 
Current THD @ Full Power <1.5% - 
TPF @ Full Power 1 - 
Nominal dc-link Voltage 400 V 
Batteries Voltage 200 to 400 V 
Nominal Batteries Current 10 A
Nominal PV Voltage 200 V 
Nominal PV Current 6 A 
Input Inductance (L1) 5 mH 
Dc-link Capacitor (C1) 5 mF 
Output Inductance (L2) 3 mH 
Output Inductance (L3) 3 mH 
Output Capacitor (C2) 0.5 mF 
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THD of the grid voltage is 3.5% due to the line impedance and 
the nonlinear loads connected in the same electrical 
installation), and in phase with the electrical grid voltage (vg) 
fundamental component. An explanation about the importance 
of having a sinusoidal grid current regardless the electrical 
grid voltage harmonic distortion is presented in section II. In 
Fig. 7, it is also possible to see in detail when the grid current 
(ig) and the electrical grid voltage (vg) cross zero value, 
demonstrating that the TPIT operates with unitary power 
factor during this mode. 
On the other hand, Fig. 8 shows the electrical grid voltage 
(vg) and the grid current (ig) during the V2G operation mode 
for an operating power of 1.6 kW. Also in this operation 
mode, due to the proposed control algorithm, the grid current 
(ig) is sinusoidal regardless the electrical grid voltage 
harmonic distortion, however, it is in phase opposition with 
the electrical grid voltage (vg), meaning that the TPIT is 
injecting energy into the power grid (i.e., it is operating as a 
grid-tie inverter). Fig. 8 also shows a detail of the grid current 
ripple illustrating the frequency of 40 kHz (resultant from the 
unipolar PWM strategy with a 20 kHz carrier) and the 
amplitude of the grid current ripple (0.5 A) in this point of the 
waveform. 
Fig. 9(a) shows the measured THD of the grid current for 
different power levels of operation (from 500 W to 3000 W) 
during the G2V operation mode. In this case, the minimum 
measured THD was 1.4% at 3 kW and the maximum 
measured THD was 4.5% at 500 W. On the other hand, 
Fig. 9(b) shows the measured THD of the grid current for 
different power levels of operation (from 500 W to 2000 W) 
during the V2G operation mode. In this case, the minimum 
measured THD was 2.3% at 2 kW, and the maximum 
measured THD was 4.8% at 500 W. These measurements 
were obtained with the power quality analyzer FLUKE 435. 
As it can be observed, in both operation modes, the measured 
values of THD decreases as the operating power increases, 
validating the proper operation of the current control strategy. 
During the EV battery charging process, Fig. 10 shows in 
detail the current in the inductance L2 (iL2) and the voltage 
produced by the converter (vdc2) for an operating power of 
3 kW. This result was obtained during the EV batteries 
charging process with constant current. As it can be seen, the 
switching frequency is 20 kHz and the voltage produced by 
the converter varies between 0 and vdc. The measured current 
ripple in the inductance L2 (iL2) is 1.25 A for a charging 
current (iev) of 10 A. 
Fig. 11 shows the grid power (pg), the EV power (pev) and 
the PV power (ppv) during the G2V and V2G operation modes. 
In the scope of this paper, the selection of the operation mode 
was performed in order to show, firstly the G2V operation 
mode, and secondly, after a time-delay of 10 ms, the V2G 
operation mode. However, in a smart grid scenario, the time in 
each operation mode will be defined according to a request 
provided by an aggregator (e.g., for contributing to stabilize 
the amplitude and frequency of the grid voltage) and 
considering the EV driver benefits. In both operation modes, 
the grid power is equal to the EV power, meaning that the PV 
power is zero. In the first time interval (1) the EV power 
increases progressively, in order to avoid sudden variations, 
until the power of 3 kW. During the second time interval (2) 
this power is maintained constant, which corresponds to the 
normal G2V operation mode, i.e., the EV batteries are charged 
with constant current. In the third time interval (3) the EV 
charging process is interrupted, and in the fourth time interval 
(4) the EV power decreases progressively, in order to avoid 
sudden variations, until the power of -2 kW. During the fifth 
time interval (5) this power is maintained constant, 
corresponding to the normal V2G operation mode. The 
negative value of the power only means that the EV batteries 
are discharged and the electrical grid receives energy. After 
this time interval, the V2G operation mode is interrupted. 
B. R2G Operation Mode 
Fig. 12 shows the grid power (pg), the EV power (pev), and 
the PV power (ppv) during the R2G operation mode. In this 
operation mode the EV power is zero and the grid power is 
equal to the PV power, i.e., all of the energy produced by the 
PV panels is injected into the electrical grid. Therefore, the 
 
Fig. 7. Experimental results during the G2V operation mode: Grid voltage (vg:
100 V/div) and grid current (ig: 10 A/div). 
 
Fig. 8. Experimental results during the V2G operation mode: Grid voltage (vg:
100 V/div) and grid current (ig: 10 A/div). 
vg ig
G2V
V2G
= 40 kHz
ig
vg
Δt
1
Δi = 0.5 A
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variability of the PV power (ppv) is reflected in the grid power 
(pg). Also in this operation mode, the negative value of the 
grid power (pg) means that the electrical grid receives energy. 
C. R2V Operation Mode 
Fig. 13 shows the grid power (pg), the EV power (pev), and 
the PV power (ppv) during the R2V operation mode. In this 
operation mode the grid power is zero and the EV power is 
equal to the PV power, i.e., the energy produced by the PV 
panels is used to charge the EV batteries. This operation mode 
represents an important advantage of the proposed TPIT, since 
the electrical grid is not used as energy intermediary between 
the PV panels and the EV batteries, i.e., a direct dc to dc 
interface is used as off-board charger, reducing the number of 
conversion stages in comparison with a classical topology. 
D. G2V, V2G and R2V Operation Modes 
Fig. 14 shows the grid power (pg), the EV power (pev), and 
the PV power (ppv) during the G2V, V2G, R2V and R2G 
operation modes. In the first time interval (1) the EV power 
increases progressively, in order to avoid sudden variations 
(i.e., to avoid an instantaneously variation from 0 to 3 kW) 
and power quality problems, until the power of 3 kW. During 
this time interval the EV receives energy from the PV panels 
and from the electrical grid. Therefore, this time interval 
corresponds to the combined operation of the G2V and R2V 
modes. During the second time interval (2) the EV power (pev) 
is maintained constant, representing the normal G2V operation 
mode. It is important to note that the EV power is constant, 
but the grid power changes accordingly to the power of the PV 
panels. In the third time interval (3), the EV charging process 
is interrupted and the power produced by the PV panels is 
injected into the power grid, which corresponds to the R2G 
operation mode. The negative value of the grid power (pg) 
only means that the electrical grid receives energy. It is 
important to note that the TPIT, according to the control 
algorithm, accommodates the variations of power from the PV 
Fig. 9. Experimental results of the grid current THD in function of the 
operation power: (a) During the G2V operation mode; (b) During the V2G 
operation mode.
 
Fig. 10. Experimental results when the EV batteries are charged with energy 
from the power grid: Current in the inductance L2 (iL2: 2 A/div); Current in the 
EV batteries (iev: 2 A/div); Voltage produced by the dc-dc converter (vcdc1:
200 V/div). 
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Fig. 11. Experimental results during the G2V and V2G operation modes: Grid
power (pg: 1 kW/div); EV power (pev: 1 kW/div); PV power (ppv: 1 kW/div). 
 
Fig. 12. Experimental results during the R2G operation mode: Grid power 
(pg: 1 kW/div); EV power (pev: 1 kW/div); PV power (ppv: 1 kW/div). 
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panels, unless such variations jeopardize its integrity. During 
the fourth time interval (4) the EV power decreases 
progressively, in order to avoid sudden variations and prevent 
power quality problems, until the power of -2 kW. During the 
fifth time interval (5) this power is maintained constant, 
representing the normal V2G operation mode. During this 
operation mode, the grid power is the sum of the EV power 
with the PV power. After this time interval, in the sixth time 
interval (6) the V2G operation mode is interrupted and the 
energy from the PV panels is injected into the electrical grid 
(R2G operation mode). 
 CONCLUSION 
This paper presents a three-port integrated topology (TPIT) 
used to interface an electric vehicle (EV) and renewables from 
photovoltaic (PV) panels with the electrical grid. With the 
proposed topology, it is possible to reduce the number of 
conversion stages in comparison with a classical topology, 
also allowing the definition of new operation modes and 
control algorithms, without neglecting the power quality in the 
electrical grid side. The proposed TPIT is experimentally 
validated in four main operation modes, where it is possible to 
deliver energy from the PV panels to the EV or to the 
electrical grid, and to exchange energy in bidirectional mode 
between the EV and the electrical grid. The paper presents in 
detail the proposed algorithms to control the TPIT based on 
the FBD power theory, the predictive current control 
strategies, and the developed hardware, including the power 
converters and the digital control system. The experimental 
results confirm the benefits of the proposed topology, 
including the operation with sinusoidal grid current and low 
THD in all the operating modes. 
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